In the present work, metallic foams of Al, Mg and an Al-SiC nanocomposite (MMNC) have been fabricated using a new manufacturing technique by employing melt infiltration assisted with an electromagnetic force. The aim of this investigation was to study and to develop a reliable manufacturing technique consisting of different types of metallic foams. In this technique, an electromagnetic force was used to assist the infiltration of Al-SiC slurry and of pure liquid metal into a leachable pattern of NaCl, thus providing perfect cellular structures with micro-sized porosities. A high frequency induction coil unit equipped with a vacuum chamber and a hydraulic press was used to manufacture the foam materials. Microstructures of the produced foam materials were explored by using Field Emission Scanning Electron Microscopy (FESEM). The mechanical behavior of the manufactured foams was investigated by applying compression testing. The results indicate a high applicability of the new technique in producing metallic foams of pure metals and of a metal matrix nanocomposite . The produced foam materials displayed isotropic cellular structures with excellent compressive behaviors. Microstructure measurements indicate that the average pore size and strut thickness that can be achieved are in the ranges of 100-500 µm and 50-100 µm, respectively. The produced foam of the Al-SiC nanocomposite material provided the highest strength of 50 MPa prior to the densification stage, which equates to 25 times, and 10 times higher than the strength levels that were obtained by Al, and Mg foams, respectively.
Introduction
Metallic foams possess several unique functional properties, such as high energy absorption [1] , high strength-to-weight ratio [2] , sound absorption [3] , electromagnetic shielding [4] , and a high specific surface area [5] . The processing routes of metallic foams can be classified into four main technologies: solid state processing [6] , liquid state processing [7] , electrodeposition and vapor deposition [8] . The liquid state processing route is the most practical method in term of mass production and low production cost. The liquid state processing can be applied by using different methods such as melt gas injection [9] , entrapped gas expansion [10] , casting using a polymer or wax [11] , and metal infiltration through a leachable pattern [12] .
Producing metallic foams characterized with high isotropic cellular structures, micro-sized porosities and excellent compressive properties is a challenge due to the randomness of the foaming process. The metal infiltration of the leachable pattern of NaCl is a technique that can grant a certain level of control on the developed foam morphology and structure characteristics. However, the successful metal infiltration requires NaCl with an average particle size larger than 1 mm, as well as a liquid metal having low viscosity. Exploiting NaCl particles with a diameter of less than 1 mm results in an increase of the pressure opposing the infiltration that arises from the capillary pressure, as well as a pressure drop due to the friction between the melt and the NaCl particles [13] .
The mechanical behavior of metallic foams is another important aspect to consider when analyzing their performance. The mechanical performance relies on the fabrication quality of the foam material and on certain characteristics of the foam structure such as porosity percentage, strut dimension, and the distribution of pores [14] . The strength of the base metal has a significant effect on the final mechanical properties of metallic foams. Mechanical properties of metallic foams can be evaluated by different testing techniques such as impact [15] , tensile [16] , three-point bending [17] , fatigue [18] and compression [19] .
The main purpose of the present study is to introduce a reliable and an advanced manufacturing technique of the metallic foam and to overcome the above mentioned challenges that can be experienced when producing pure metallic and MMNC foam materials. Metallic foams of Al-SiC, pure aluminum, and pure magnesium materials were fabricated by employing a metal infiltration with leachable patterns of NaCl under the stirring effect of electromagnetic forces. The electromagnetic stirring was applied to assist the infiltration process by using finer NaCl particles (<1 mm) and to enable the wetting and incorporation of nano ceramic particles within the melt.
Materials and Methods
In the present study, pure aluminum powder (American Elements, 3N grade) with an average particle size of 5 µm, pure magnesium granules (American Elements, 2N grade) with size range of 0.5-1 mm, and SiC nanoparticles with an average particle size of 50 nm (Nanostructured & Amorphous Materials, Inc., Houston, TX, USA) were used. Figure 1 shows micrographs of the aluminum powder, SiC nanoparticles, and NaCl particles. Metallic foams of aluminum, magnesium, and Al-SiC nanocomposite were prepared by employing a developed technique in which the NaCl bed was infiltrated with liquid metal under the effect of electromagnetic stirring. A high frequency induction unit equipped with a vacuum chamber and a press was used to apply induction heating/stirring, thus providing a controlled vacuum atmosphere preventing any oxidation. The Al-SiC nanocomposite was prepared with a ball milling technique in which a mixture of aluminum-10% SiC was mixed with zirconia balls in a weight ratio of 20 balls/1 powder. The ball milling process was carried out at 1000 rpm for 6 h. Sodium chloride particles with a spherical shape and in the size range of 100-500 µm were used in this study as particle space holders to provide the internal cell morphology, as shown in Figure 1c . Prior to the melting process, the targeted metals of Al, Mg, and Al-SiC were placed in a graphite die (20Ø mm and 40 mm height) above a lower puncher, and then a 3 cm layer of NaCl was added as a second layer above the metal powder. The assembly was then covered from the top with another graphite puncher and placed in the center of the induction coil between a hydraulic press that is contained in a vacuum steel chamber. Figure 2a displays a schematic sketch of the graphite die assembly surrounded by the induction coil. The melting process was started by the passing of an alternating current through the coil, thus providing a strong magnetic field. The magnetic field in turn was in turn applied through the electrically conducting graphite die and through the conducting sample. Figure 2b shows the distribution profiles of the magnetic field and the generated Lorentz force that are roughly calculated throughout the graphite die using Maxwell's equations. Thus, the graphite die also acted as a heating source, and the sample was heated from both the outside and inside. Once the temperature reached the melting points of Al or Mg, the liquid metal (for the pure metal samples) and the viscous slurry of Al-10 wt. % SiC (for nanocomposite samples) were formed. The heating was applied under a vacuum of 1  10 −3 Torr and at a high heating rate of 700 °C/min. During the melting process, the temperature is continuously measured from the surface of the graphite die using a pyrometer. Under the effect of electromagnetic stirring, the liquid metal and the Al-SiC slurry were enforced to infiltrate the NaCl bed by rising against the gravity direction. The rising of the liquid metal droplets from the tiny gap that is between the upper graphite puncher and the graphite die surfaces was considered as an indication for complete and full infiltration. The induction heating was then turned off and the sample was left to solidify under vacuum. The total time of the induction melting/stirring process of each casting sample is less than 5 min. In the final step of the manufacturing, the compacted NaCl was leached out by soaking the produced sample in warm water for 2 h at 30 °C. Figure 3 shows an example of the final product of the manufactured foam material. Three different castings were prepared per foam material type of Al, Mg, and Al-SiC. Prior to the melting process, the targeted metals of Al, Mg, and Al-SiC were placed in a graphite die (20Ø mm and 40 mm height) above a lower puncher, and then a 3 cm layer of NaCl was added as a second layer above the metal powder. The assembly was then covered from the top with another graphite puncher and placed in the center of the induction coil between a hydraulic press that is contained in a vacuum steel chamber. Figure 2a displays a schematic sketch of the graphite die assembly surrounded by the induction coil. The melting process was started by the passing of an alternating current through the coil, thus providing a strong magnetic field. The magnetic field in turn was in turn applied through the electrically conducting graphite die and through the conducting sample. Figure 2b shows the distribution profiles of the magnetic field and the generated Lorentz force that are roughly calculated throughout the graphite die using Maxwell's equations. Thus, the graphite die also acted as a heating source, and the sample was heated from both the outside and inside. Once the temperature reached the melting points of Al or Mg, the liquid metal (for the pure metal samples) and the viscous slurry of Al-10 wt. % SiC (for nanocomposite samples) were formed. The heating was applied under a vacuum of 1ˆ10´3 Torr and at a high heating rate of 700˝C/min. During the melting process, the temperature is continuously measured from the surface of the graphite die using a pyrometer. Under the effect of electromagnetic stirring, the liquid metal and the Al-SiC slurry were enforced to infiltrate the NaCl bed by rising against the gravity direction. The rising of the liquid metal droplets from the tiny gap that is between the upper graphite puncher and the graphite die surfaces was considered as an indication for complete and full infiltration. The induction heating was then turned off and the sample was left to solidify under vacuum. The total time of the induction melting/stirring process of each casting sample is less than 5 min. In the final step of the manufacturing, the compacted NaCl was leached out by soaking the produced sample in warm water for 2 h at 30˝C. Figure 3 shows an example of the final product of the manufactured foam material. Three different castings were prepared per foam material type of Al, Mg, and Al-SiC. The microstructures of the produced foam were characterized using field emission Scanning electron microscopy (FESEM, KSU, Riyadh, Saudi Arabia) equipped with a secondary electron detector.
The compressive properties of the prepared castings of Al, Mg and Al-SiC were systematically tested using a Lloyd tensile machine (KSU, Riyadh, Saudi Arabia) at a strain rate of 10 −3 s −1 . The energy absorption of the produced foams was calculated from the area under their stress-strain curves with the following equation:
s Figure 2 . Schematic sketches of (a) the graphite die assembly placed in the center of an induction coil, and (b) distribution profiles of the magnetic field and Lorentz force throughout the graphite die (using Maxwell's equations). The microstructures of the produced foam were characterized using field emission Scanning electron microscopy (FESEM, KSU, Riyadh, Saudi Arabia) equipped with a secondary electron detector.
The compressive properties of the prepared castings of Al, Mg and Al-SiC were systematically tested using a Lloyd tensile machine (KSU, Riyadh, Saudi Arabia) at a strain rate of 10 −3 s −1 . The energy absorption of the produced foams was calculated from the area under their stress-strain curves with the following equation: The microstructures of the produced foam were characterized using field emission Scanning electron microscopy (FESEM, KSU, Riyadh, Saudi Arabia) equipped with a secondary electron detector.
The compressive properties of the prepared castings of Al, Mg and Al-SiC were systematically tested using a Lloyd tensile machine (KSU, Riyadh, Saudi Arabia) at a strain rate of 10´3 s´1. The energy absorption of the produced foams was calculated from the area under their stress-strain curves with the following equation:
where the σ, ε and s are the compressive stress, strain and densification strain, respectively. Figure 4 shows the microstructures of the produced Al, Mg, and Al-SiC foams through the infiltration process under the electromagnetic stirring effect, which were fabricated by using spherical NaCl particles. The foam microstructures display a high isotropy and a uniform distribution of open cells with pores of spherical morphology. The pore morphologies are identical and replicate the typical spherical shape of the space holder particles of NaCl. From FESEM measurements, it is seen that the pore size and cell thickness are in the ranges of 100-500 µm and 50-100 µm, respectively. The number of the pores per inch (PPI) in the produced foam is in the range of 100-125˘10. These measurements represent the high efficacy of the present manufacturing technique in producing foam materials characterized with an elevated quality, homogenous cell distribution and micro-sized porosities. where the σ, ε and s are the compressive stress, strain and densification strain, respectively. Figure 4 shows the microstructures of the produced Al, Mg, and Al-SiC foams through the infiltration process under the electromagnetic stirring effect, which were fabricated by using spherical NaCl particles. The foam microstructures display a high isotropy and a uniform distribution of open cells with pores of spherical morphology. The pore morphologies are identical and replicate the typical spherical shape of the space holder particles of NaCl. From FESEM measurements, it is seen that the pore size and cell thickness are in the ranges of 100-500 μm and 50-100 μm, respectively. The number of the pores per inch (PPI) in the produced foam is in the range of 100-125 ± 10. These measurements represent the high efficacy of the present manufacturing technique in producing foam materials characterized with an elevated quality, homogenous cell distribution and micro-sized porosities. Reproducing the same cellular morphology of different metals of Al, Mg, and Al-SiC that already display high diversity in melt characteristics (viscosity, fluidity, density, etc.) indicates the advantages of utilizing the electromagnetic stirring during the infiltration process. In the magnified FESEM image shown in Figure 4c , it can be observed that the SiC nanoparticles distribute uniformly throughout cell struts indicating perfect wetting and incorporation of SiC nanoparticles within the melt.
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Microstructure
The previous studies [13, 21] focused on melt processing of metallic foam and reported that the melt infiltration using the NaCl particles with an average particle size smaller than 1 mm is extremely difficult. Decreasing the size of the particle space holder results in an elevated pressure opposing the infiltration due to the capillary pressure and the friction between the melt and NaCl Reproducing the same cellular morphology of different metals of Al, Mg, and Al-SiC that already display high diversity in melt characteristics (viscosity, fluidity, density, etc.) indicates the advantages of utilizing the electromagnetic stirring during the infiltration process. In the magnified FESEM image shown in Figure 4c , it can be observed that the SiC nanoparticles distribute uniformly throughout cell struts indicating perfect wetting and incorporation of SiC nanoparticles within the melt.
The previous studies [13, 21] focused on melt processing of metallic foam and reported that the melt infiltration using the NaCl particles with an average particle size smaller than 1 mm is extremely difficult. Decreasing the size of the particle space holder results in an elevated pressure opposing the infiltration due to the capillary pressure and the friction between the melt and NaCl particles. However, in the present manufacturing technique, the electromagnetic stirring improves the infiltration of the liquid metal throughout the micro channels among NaCl particles and the wettability between NaCl and liquid metals. The improved wettability leads to a perfect replication of the spherical morphology of NaCl. As a result of the interaction of the magnetic field formed around the induction coil with the induced current in the sample, the electromagnetic force or Lorentz force is formed. According to Faraday's law, the conductive melt will flow or stir under the effect of the Lorentz force. The stirring effect of the Lorentz force increases the pressure of the liquid metal underneath the NaCl bed that, in turn, reduces the capillary pressure and the NaCl/melt friction. Thus, the liquid metal is enabled to infiltrate the micro-sized channels throughout the NaCl particles in a very short time of less than 1 min.
The electromagnetic stirring not only results in a perfect infiltration but also enables full wetting and incorporation of the nano ceramic particles of SiC with the liquid metal. Incorporation of ceramics into liquid metals is a challenging process during the melt processing of nanocomposites due to poor wettability between ceramic and metal, high clustering tenancy of nano ceramic particles, and high oxidation affinity of liquid metal [22] [23] [24] . In the present technique, the electromagnetic stirring results in an elevated shearing force that is able to breakdown clustering and the oxides at melt/ceramic interface, providing an intimate contact between SiC and the melt. Thus, the SiC nanoparticles are perfectly wetted by the melt and then fully incorporated under the continuous stirring effect. This is in full accordance with what was reported in a previous study [25] that consisted of investigating the effect of electromagnetic stirring of the incorporation of the nano TiB 2 particles into an aluminum melt. It was concluded that the electromagnetic force improved the wetting and the incorporation of liquid metal within the melt. Figure 5 shows the stress-strain curves generated during the compression testing of the produced metallic foams of Al, Mg, and Al-10% SiC. The gradual and uniform deformation shown in the stress-strain curves of the three materials indicate the isotropy and homogenous distribution of the spherical pores of the produced foam structure. The generated stress-strain curves of the processed materials are characterized by three distinguished deformation stages of (i) elastic deformation stage; (ii) plateau deformation stage; and (iii) densification deformation. The elastic deformation and plateau deformation stages of pure aluminum are significantly improved and extended as the SiC nanoparticles are added. It is shown that the densification stage in Al-SiC foam almost starts at a stress level of higher than 50 MPa when compared to~2 MPa and~5 MPa for pure aluminum and pure magnesium, respectively. This indicates the superior mechanical behavior of the Al-SiC nanocomposite foam comparing to the pure Al and Mg foam materials.
Compressive Properties
Uniform deformation of the produced foam can be attributed to the soundness and the isotropic cellular structure of the fabricated foams, which are successfully achieved by applying metal infiltration under the stirring effect of the electromagnetic forces. The electromagnetic stirring not only enables full infiltration of the NaCl bed but also decreases the casting defects in the produced foam. Therefore, the overall compressive behavior of the produced foam is improved. The beneficial effects of the electromagnetic stirring technique in producing a defect-free casting have been reported in different studies [26, 27] . deformation stage; (ii) plateau deformation stage; and (iii) densification deformation. The elastic deformation and plateau deformation stages of pure aluminum are significantly improved and extended as the SiC nanoparticles are added. It is shown that the densification stage in Al-SiC foam almost starts at a stress level of higher than 50 MPa when compared to ~2 MPa and ~5 MPa for pure aluminum and pure magnesium, respectively. This indicates the superior mechanical behavior of the Al-SiC nanocomposite foam comparing to the pure Al and Mg foam materials. Uniform deformation of the produced foam can be attributed to the soundness and the isotropic cellular structure of the fabricated foams, which are successfully achieved by applying metal infiltration under the stirring effect of the electromagnetic forces. The electromagnetic stirring not only enables full infiltration of the NaCl bed but also decreases the casting defects in the produced foam. Therefore, the overall compressive behavior of the produced foam is improved. The beneficial effects of the electromagnetic stirring technique in producing a defect-free casting have been reported in different studies [26, 27] .
The thin strut thickness (50-100 μm) in the produced foam can explain the low strength level that was obtained in the Al-and Mg-foam materials. This is in full harmony with what is stated in other studies [21, 28] -that the tiny strut thickness and the high level of the porosity can result in a degraded mechanical behavior. Under applied compressive or tensile stresses, the foam material starts to fail by the cracking of the thin struts that provide the weakest points for crack initiation and propagation. It is obvious that adding 10% of SiC nanoparticles into the aluminum matrix improves the strength and deformation behavior of the struts. According to the Orowan strengthening mechanism, the nano SiC particles act as stiff obstacles, preventing the dislocation movement and the dislocation lines that can only bypass them at higher loading stresses [29, 30] . Hence, SiC increases the overall strength of the aluminum matrix of the struts. Figure 6 shows the theoretical strengthening effect of the nano reinforcement particles in respect to the particle size and volume fraction using the following equation:
where M: the Taylor factor for the matrix, v and G: the poisson ratio of the matrix and shear modulus, The thin strut thickness (50-100 µm) in the produced foam can explain the low strength level that was obtained in the Al-and Mg-foam materials. This is in full harmony with what is stated in other studies [21, 28] -that the tiny strut thickness and the high level of the porosity can result in a degraded mechanical behavior. Under applied compressive or tensile stresses, the foam material starts to fail by the cracking of the thin struts that provide the weakest points for crack initiation and propagation. It is obvious that adding 10% of SiC nanoparticles into the aluminum matrix improves the strength and deformation behavior of the struts. According to the Orowan strengthening mechanism, the nano SiC particles act as stiff obstacles, preventing the dislocation movement and the dislocation lines that can only bypass them at higher loading stresses [29, 30] . Hence, SiC increases the overall strength of the aluminum matrix of the struts. Figure 6 shows the theoretical strengthening effect of the nano reinforcement particles in respect to the particle size and volume fraction using the following equation:
where M: the Taylor factor for the matrix, v and G: the poisson ratio of the matrix and shear modulus, R: the mean radius of the particle, λ: an effective inter-particle, b: the Burgers vector. Figure 7 shows the energy absorption of the produced foam materials that were calculated from the area under their stress-strain curves for a strain range of 0.005-0.8. The 0.8 strain level was considered as the onset of the densification stage for all foam materials. It is shown in Figure 7 Figure 8 represents a number of morphological features through the fracture surface of the pure Al-foam that indicates the ductile fracture behavior of the struts. In Figure 8a , an overall failure surface is shown. Under compressive stresses, Al-foam deforms in a ductile behavior by creating multiple slip bands at the strut matrix, as displayed in Figure 8 . At an extensive level of deformation, cracks start to initiate and propagate throughout the struts, as exhibited in Figure 8b From Figure 6 , it can be seen that the achieved strength in Al-10% SiC foam (206 MPa at 0.9 stain) is close to the theoretical strengthening effect of SiC nanoparticles (229 MPa) with an average particle size of 50 µm. This can be considered as clear evidence of the full incorporation and the uniform distribution of the SiC particles throughout the aluminum matrix under the stirring effect of electromagnetic forces. Figure 7 shows the energy absorption of the produced foam materials that were calculated from the area under their stress-strain curves for a strain range of 0.005-0.8. The 0.8 strain level was considered as the onset of the densification stage for all foam materials. It is shown in Figure 7 Figure 8 represents a number of morphological features through the fracture surface of the pure Al-foam that indicates the ductile fracture behavior of the struts. In Figure 8a , an overall failure surface is shown. Under compressive stresses, Al-foam deforms in a ductile behavior by creating multiple slip bands at the strut matrix, as displayed in Figure 8 . At an extensive level of deformation, Figure 8 represents a number of morphological features through the fracture surface of the pure Al-foam that indicates the ductile fracture behavior of the struts. In Figure 8a , an overall failure surface is shown. Under compressive stresses, Al-foam deforms in a ductile behavior by creating multiple slip bands at the strut matrix, as displayed in Figure 8 . At an extensive level of deformation, cracks start to initiate and propagate throughout the struts, as exhibited in Figure 8b ,c. The multiple slip systems result in struts bending and curvy slip lines, as indicated in Figure 8c . It is apparent that struts fail in a ductile manner, which is implemented by extensive localized deformation, and, in some cases, the strut can neck down to a point or bend; this is so clear in Figure 8d .
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Metals 2016, 6, 110 9 of 11 struts fail in a ductile manner, which is implemented by extensive localized deformation, and, in some cases, the strut can neck down to a point or bend; this is so clear in Figure 8d . 
Conclusions
A novel manufacturing technique has been developed to produce metallic foam of the Al-SiC nanocomposite, Al, and Mg characterized with an isotropic structure and an excellent compressive behavior. In this technique, the foam materials were obtained by applying metal infiltration under the stirring effect of electrometric forces. The following conclusions can be drawn:
1. The developed manufacturing technique in the presented study displayed a high applicability in producing different kinds of metallic foams. 2. The metallic foams of Al-SiC, Al, and Mg were successfully manufactured by employing a metal infiltration under the stirring effect of the electromagnetic; thus, forces producing an isotropic foaming structure with micro-sized porosities in the range of 100-500 μm. 
